Introduction {#s001}
============

T[he relationship]{.smallcaps} between mechanical deformation of the spinal cord during spinal cord injury (SCI) and ensuing anatomical and functional damage is not well understood. Studies have shown that a greater deformation of the spinal cord results in more-severe tissue damage and neurologic deficit.^[@B1]^ Further, different mechanisms of SCI produce distinctly different patterns of tissue damage,^[@B5]^ indicating that the pattern of deformation that the spinal cord undergoes is important. However, there is currently no recognized quantitative relationship between mechanical deformation of tissue and response of nervous tissue during SCI.

Computational models of SCI using the finite element (FE) method have described spinal cord deformation using mechanical strain fields, effectively quantifying tissue deformation during simulated injury.^[@B6]^ However, simulated results using FE models are strongly influenced by the material properties used to characterize the various tissues of the model.^[@B9]^ Reported experimental material properties for neural tissues of the spinal cord, the gray (GM) and white matter (WM), are sparse in the literature,^[@B10],[@B11]^ and there is no consensus on these material properties. FE models of the spinal cord have used material constitutive models ranging from linear-elastic^[@B6]^ to nonlinear, hyperelastic, and viscoelastic material models.^[@B8],[@B12]^ However, most of these models assume homogenous tissue properties throughout spinal cord neural tissue and all of them employed isotropic material properties, which does not reflect the heterogeneous and anisotropic structure of spinal cord tissue. Some studies have attempted to validate their models by comparing patterns of simulated mechanical strain to patterns of histological damage following experimental models using the same mechanical parameters of injury in the simulation and experiment (i.e., injury magnitude and speed).^[@B8],[@B12]^ Mechanical strain and tissue damage appear to generally have the same pattern in these studies; however, the researchers note that further validation efforts are needed.

Tissue-based mechanical criteria of injury have been suggested by studies that deform neural tissue *in vivo*^[@B13]^ and *ex vivo*^[@B16]^; however, the deformation models used in these studies have been limited to uniaxial tension and do not represent the complex deformation of the spinal cord during SCI. The primary difficulty in mechanical testing to observe functionality of brain and spinal cord tissues is the inability to perform orthodox material testing and functional monitoring of tissue in its native environment. To overcome this limitation, studies have utilized magnetic resonance (MR) imaging (MRI) methods to quantify brain (a similar composition of neural tissue to the spinal cord) motion during experimental animal model traumatic brain injury TBI trials and showed good correlation between tissue deformation and neuronal apoptosis (i.e., cell death).,^[@B20]^

The current study aimed to determine whether there was a relationship between quantified deformation of the spinal cord and ensuing histological damage in an *in vivo* rat model of cervical contusion SCI. This study focused on the ventral horns of the GM because contusion injuries in experimental models of SCI cause substantial damage to GM and the adjacent central region of the spinal cord.^[@B5]^ A more comprehensive understanding of the relationship between mechanical strain and tissue damage in the spinal cord could aid clinicians in formulating optimal intervention plans based on currently available imaging techniques. Further, protective and preventive innovations could target reduction of specific spinal cord deformation mechanisms that are found to be more severe, with regard to tissue damage. To accomplish this, a novel apparatus was used to create cervical contusion SCI at various severities in a rat model, inside of an MR scanner. Three-dimensional (3D) images of the spinal cord in the normal state and in the deformed state, during the imposed SCI, were input to a validated image registration approach to quantify 3D internal spinal cord morphological change during injury. The transverse-plane Lagrangian finite strains observed in the spinal cord throughout a craniocaudal region of interest ROI around the injury epicenter were then compared to a measure of GM neuron survival in the ventral horns. Variability of mechanical strains in ventral horns was reported using a Monte Carlo simulation method, based on known displacement field errors from the image registration output.

Methods {#s002}
=======

Adult, male, Sprague-Dawley rats (∼300 g; *n* = 15) that were on a standard rodent chow and 12/12-h dark-light cycle were used in this study (all methods were approved by the animal care committee of the University of British Columbia \[Vancouver, BC, Canada\]; protocol no.: A07-0379).

Surgical preparation {#s003}
--------------------

Twelve animals were designated to receive a cervical contusion injury whereas 3 were designated as controls, which received only preparatory surgery. All animals were anesthetized with isofluorane (4% during initiation and maintained at 2% administered by nose cone throughout the entire experiment), the dorsal neck shaved and disinfected, and were stabilized in a stereotaxic frame (model 900; David Kopf Instruments, Tujunga, CA). Soft tissue surrounding the dorsal aspects of the cervical spine and tissues connecting the scapulae to the dorsal aspect of the thorax were resected in all animals for these terminal experiments, in order to make clearance room for the impactor apparatus that had to be placed on the cervical spine. Partial laminectomies over C5 and C6 were performed to create a ∼3-mm-diameter opening to the dorsal surface of the spinal cord. A custom-made radiofrequency (RF) coil was then placed over the cervical spine, approximately centered at the C5/6 junction, with a thin wax film separating the RF coil from the tissue of the animal. Next, a set of custom clamps were attached to vertebrae C4--C7 via the lateral notches of the vertebrae.

Injury-designated animals were then removed from the stereotaxic frame and inserted into a custom-designed MR rig^[@B21]^ by inserting the custom clamps into the designed mating interface. Sham animals were not inserted into the MR rig, but were maintained for the experiment duration on the stereotaxic frame. A heating pad (60490-000 Gaymar Mul-T-Pad; Harvard Apparatus, Harvard, MA), rectal thermometer, and respiratory cycle measurement transducer (1025 Small Animal Gating and Monitoring System; SA Instruments, Inc., Stonmy Brook, NY) were used to maintain body temperature of animals and monitor vital signals throughout the experiment.

Imaging methods {#s004}
---------------

With the animal in the MR Rig, the rig was positioned inside the MR scanner\'s bore (7T, Bruker BioSpec, Tübingen, Germany) and a T2-weighted sagittal scan (115 × 150 μm in-plane resolution, 1-mm slice thickness, and 5-min acquisition time) was performed to ensure proper positioning and orientation. This was followed by a T2-weighted, high-resolution transverse scan (termed "pre-injury"; 140 × 140-μm in-plane resolution, 500-μm slice thickness, and 30-min acquisition time). Once the transverse scan was completed, the pneumatic actuator of the MR rig was activated from outside the MR scanner, producing a contusion injury of the spinal cord and maintaining the impactor tip in the position of maximal extension for the duration of the MRI scan.^[@B21]^ Dorsal contusion injuries induced in animals were initially designed to be imposed at the mid-line of the spinal cord and at two distinct magnitudes: a "light" injury (1.1 mm of spinal cord compression) or a "severe" injury (1.8 mm of spinal cord compression). Injury magnitude varied between 0.52 and 1.82 mm and also varied in impact location between mid-line and lateral-right impacts ([Table 1](#T1){ref-type="table"}). Contusion injuries had an impact velocity of 1100 mm/s (standard deviation \[SD\], 250), which was actuated pneumatically by the MR rig,^[@B21]^ and were sustained for 35 min.

###### 

[Peak Spinal Cord Compression and General Site of Impact for Each Animal]{.smallcaps}

  *Animal ID*   *Peak spinal cord compression (mm)*   *Impact position*
  ------------- ------------------------------------- -------------------
  IV 1          1.41                                  Mid-line
  IV 2          0.80                                  Lateral-right
  IV 3          0.99                                  Lateral-right
  IV 4          1.29                                  Lateral-right
  IV 5          1.58                                  Lateral-right
  IV 6          1.52                                  Mid-line
  IV 7          1.70                                  Lateral-right
  IV 8          1.82                                  Lateral-right
  IV 9          1.13                                  Mid-line
  IV 10         1.08                                  Lateral-right
  IV 11         1.14                                  Lateral-right
  IV 12         0.52                                  Mid-line

The contusion injury was sustained for 35 min, while another sagittal scan was acquired of the deformed spinal cord and column in animals (115 × 150-μm in-plane resolution, 1-mm slice thickness, and 5-min acquisition time), followed by another high-resolution transverse scan (termed "injury"; 140 × 140-μm in-plane resolution, 500-μm slice thickness, and 30-min acquisition time). After completion of the transverse imaging sequence, the rig was removed from the MR scanner. The contusion impactor tip was then retracted and the still deeply anesthetized animal was removed from the rig and immediately transferred to a fume hood for sacrifice by intracardial perfusion and harvesting of spinal cord tissue for histological analysis. Time required to transfer and begin perfusion of animals was approximately 5 min.

Histological preservation methods {#s005}
---------------------------------

Custom clamps were removed from the spine before perfusion took place. Animals were perfused, intracardially, with 150 mL of phosphate-buffered saline (PBS), followed by 300 mL of 4% paraformaldehyde (PFA).

After perfusion, the entire cervical spine was laminectomized, the dural sheath was cut from the base of the skull to the C8/T1 level, and dorsal and ventral roots of the cord were severed at the intervertebral foramina. The cord was then transected at the base of the skull and at the C8/T1 level, removed from the spine, and placed into a vial of 4% PFA overnight. Then, cords passed through a graded sucrose system (12%, 18%, and 24% sucrose, in PBS solution) spending ∼24 h in each grade. Cords were frozen in a block of embedding medium (Tissue-Tek O.C.T. Compound; Sakura Finetek USA Inc, Torrance, CA) and cut, transversely, into 20-μm sections and mounted on slides (Fisherbrand Superfrost Plus; Fisher Scientific, Ottawa, Ontario, Canada). Slides were kept in a −86°C freezer (model no.: MDF-U71VC; SANYO Electric Biomedical Co. Ltd., Osaka, Japan) until histological staining and analysis.

Magnetic resonance imaging post-processing {#s006}
------------------------------------------

Post-processing of MR images was described previously.^[@B22]^ Briefly, in the pre-injury and injury image sets, the spinal cord was segmented from surrounding tissues. From the segmented images, the left and right ventral horns of GM were manually traced using ImageJ software (National Institutes of Health, Bethesda, MD). Ventral horns were identified as the region defined by the periphery of the ventral GM, ventrally and laterally, the inflection point between the dorsal and ventral GM, dorsally, and excluding the narrow "bridge" of GM (Rexed lamina X) across the central canal, medially ([Fig. 1](#f1){ref-type="fig"}). The corresponding rectilinear coordinates of the voxels within the ROIs were recorded (x, y, and z represented lateral, dorsoventral, and craniocaudal directions, respectively).

![Labeling ventral horns of gray matter. Left (**A**) and right (**B**) ventral horns were identified on the pre-injury transverse images of the spinal cord.](fig-1){#f1}

Segmented images were used as inputs for a validated deformable registration algorithm^[@B22]^ that produced 3D displacement fields that mapped the pre-injury image to the injury image. These displacement fields were used to determine the transverse-plane Lagrangian finite strain magnitudes (i.e., e~XX~ \[lateral normal strain\]; e~YY~ \[dorsoventral normal strain\]; and e~XY~ \[transverse-plane shear strain\]) for each image voxel (Paraview; Kitware Inc., Clifton Park, NY).^[@B23]^ Derived strain values were used to calculate values of maximum and minimum principal strain fields (e~max~ and e~min~, respectively; [Fig. 2](#f2){ref-type="fig"}), according to the following basic strain analysis equation ([Equation 1](#eq1){ref-type="tex-math"}): $$\documentclass{aastex}\usepackage{amsbsy}\usepackage{amsfonts}\usepackage{amssymb}\usepackage{bm}\usepackage{mathrsfs}\usepackage{pifont}\usepackage{stmaryrd}\usepackage{textcomp}\usepackage{portland, xspace}\usepackage{amsmath, amsxtra}\pagestyle{empty}\DeclareMathSizes{10}{9}{7}{6}\begin{document}
\begin{align*}e_ { max , min } = \frac { e_ { XX } + e_ { YY } }
{ 2 } \pm \sqrt { \left( \frac { e_ { XX } - e_ { YY } }  { 2 }
\right) ^2 + \left( \frac { e_ { XY } }  { 2 } \right) ^2 } \tag {
1 } \end{align*}
\end{document}$$

![Strain-type visualizations. Left: In the transverse plane, the three fundamental strain types are the normal strains in the 'X' and 'Y' directions (e~XX~ and e~YY~, respectively) and the shear strains (e~XY~ and e~YX~, where \|e~XY~\| = \|e~YX~\|). Right: By rotating the coordinate system by an angle, θ, all strains can be represented by two normal strains, e~max~ and e~min~, acting along the new '1' and '2' axes, respectively. These two normal strains, e~max~ and e~min~, are referred to as principal strains.](fig-2){#f2}

The strain fields were used to determine a single average in each of the left and right ventral horns of GM (using the ROIs acquired during the segmentation process that identified 25--50 voxels per ventral horn) at the epicenter of injury (visually identified from the MR data), and at increments of 0.5 mm cranially and caudally, up to 3 mm from the injury epicenter. Strain value sampling and averaging was automated using a custom MATLAB routine (The MathWorks, Inc., Natick, MA). The strain data were linearly interpolated from the epicenter and 0.5--3.0 mm craniocaudal positions to determine strain values at the locations of the acquired histological data (i.e., 0, 0.4, 0.8, 1.2, 2.0, and 3.0 mm from injury epicenter both cranially and caudally).

Strain field uncertainty analysis {#s007}
---------------------------------

The strain fields reported in this study were derived from displacement field data that have reported errors in the mediolateral, dorsoventral, and craniocaudal directions (i.e. 'X', 'Y', and 'Z', respectively). The bias (standard deviation; SD) for X-, Y-, and Z-directions are 0 (78), −24 (104), and 9 μm (157 μm), respectively. A Monte Carlo approach was used to evaluate the effect of the displacement field errors on the averaged strains observed in the ventral horns in one set of animal data (IV 1).^[@B24]^ This approach provided insight into the strain field changes that may arise as a result of the image registration-based displacement field errors. Displacement field error values were used to generate a probability distribution function (PDF) for each component of a 3D error vector. A simulation was designed to create random 3D error vectors for every point based on the generated PDFs. The error vectors were then summed with the registration-based displacement vectors at each point. Finally, the new data set (i.e., displacement field plus simulated error) was used to derive the average mechanical strains in the ventral horns of GM, as previously described. The simulation was performed 50 times and the mean and SD for the simulation set were reported for each strain type in the left ventral horn, at the craniocaudal distances of 0, 0.4, 0.8, 1.2, 2.0, and 3.0 mm from the injury epicenter. The Monte Carlo simulations provided a method to ensure that the observed, experimentally derived strain fields were not largely affected by the aforementioned displacement field errors. The results were compared with the original strain data.

Histological analysis {#s008}
---------------------

Histological analysis was carried out for injured spinal cords and sham spinal cords. A neuronal nuclei (NeuN) antibody was used to identify damage of GM neurons at the time of perfusion.^[@B25]^ NeuN has been identified as transcription factor forkhead box protein 3 (Fox-3),^[@B26]^ and disappearance of NeuN staining is widely viewed as a marker for neuronal death; but because NeuN staining is also transiently abolished in axotomized, yet surviving, motoneurons,^[@B27]^ we refer to it as neuronal damage. Tissue sections mounted on slides were first washed 3 × 5 min in 0.01 M of PBS. Sections were blocked for 30 min in normal donkey serum before being incubated for 3 h at room temperature in primary antibody dilution (1:200 mouse anti-NeuN; Millipore, Temecula, CA) diluted in 0.01 M of PBS with 0.1% Triton X-100. Sections were washed 3 × 5 min in 0.01 M of PBS and incubated for 2 h in the secondary antibody dilution (1:200 Alexa Fluor-594 donkey antimouse; Jackson ImmunoResearch Laboratories, West Grove, PA) in a light-opaque container. Sections were washed for 5 min in 0.01 M of PBS and mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL) to help prevent photobleaching and covered with glass coverslips (No. 1.5, VWR International, LLC, Radnor, PA).

All images were acquired using a Zeiss microscope (Axio Observer Z1; Carl Zeiss, Thornwood, NY) with a 20× objective (0.65 × 0.65 × 5 μm per pixel) and equipped with a Yokogawa spinning disc confocal device (CSU-X1; Yokogawa Corporation of America, Sugar Land, TX) and a motorized scanning stage (MS-2000; Applied Scientific Instrumentation, Eugene, OR). Images at three depths (a range of 10 μm) were acquired for each tissue section. Exposure settings for image capture were set manually through Zen software (Blue v1.0.1.0; Carl Zeiss Microscopy GmbH, Jena, Germany) for each section to ensure that adequate contrast between GM and WM was achieved and that nucleoli in NeuN-positive cells were discernible. The injury epicenter was defined as the section with the largest lesion area. Sections were imaged at 0.4, 0.8, 1.2, 2.0 and 3.0 mm both cranially and caudally around the injury epicenter.

For each transverse image ([Fig. 3A](#f3){ref-type="fig"}), an ROI was manually drawn around the left and right ventral horns ([Fig. 3B](#f3){ref-type="fig"}), according to the previously outlined protocol for identifying GM.

![Sample histological data for NeuN-positive quantification. (**A**) Acquired images at 20× magnification. (**B**) Manually identified regions of interest of ventral horns. (**C**) Sample NeuN-positive neurons with nucleoli presenting as a darkened center of the cell nucleus. NeuN, neuronal nuclei.](fig-3){#f3}

Within each ROI, any neurons presenting with an observable nucleolus were included in a total "NeuN-positive" count. A NeuN-positive cell was characterized by a bright red nucleus, with the nucleolus presenting as a darkened central region in the nucleus ([Fig. 3C](#f3){ref-type="fig"}). The area of each ROI (μm^2^) and the number of NeuN-positive cells were recorded. A measure of NeuN-positive-density (\#/mm^2^) was determined by dividing the NeuN-positive count by the ROI area (μm^2^) and multiplying by 10^6^. NeuN-positive density data from both left and right horns of sham animals (*n* = 3) were averaged. Mean and SD were determined for each position, craniocaudally with respect to the injury epicenter, to represent noninjury thresholds.

Regression analysis methods {#s009}
---------------------------

In all regression analyses, e~XY~ was taken as the absolute value of the transverse-plane shear strain. Further, only positive values of e~XX~ (i.e., lateral tension) were considered in the regression analyses because preliminary data analysis showed that ventral GM regions predominantly experienced tension, as opposed to compression, and a relationship between strain magnitude and tissue damage was sought after. For each animal, separate linear regression analyses (α = 0.05) were performed to determine the dependence of NeuN-positive density, in both ventral horns, on each of the calculated strain types (i.e., e~XX~, e~YY~, e~XY~, e~min~, and e~max~). The same regression analyses (α = 0.05) were also performed on data pooled together from all animals, and the strain type on which NeuN-positive density showed greatest dependence was identified.

For each animal, craniocaudal distribution of NeuN-positive density and the aforementioned strain type identified from the pooled-data analyses were plotted for left and right ventral horns, separately. The noninjury thresholds (mean and standard deviation) were included in each plot as well.

Results {#s010}
=======

The transverse-plane Lagrangian finite strains for all animals at each craniocaudal position of interest (i.e., 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm from the injury epicenter, cranially and caudally) were visualized using a "heatmap" to indicate magnitude (sample shown in [Fig. 4](#f4){ref-type="fig"}).

![Craniocaudal distribution of each transverse-plane strain type. Sample data (IV 1) show strain magnitude in transverse slices of the spinal cord. Magnetic resonance transverse slice image illustrates general anatomical location of ventral horns of gray matter. X, Y, and Z indicate lateral, dorsal, and cranial directions, respectively. Row 1: mediolateral (X-dir) normal strain; row 2: dorsolateral (Y-dir) normal strain; row 3: transverse-plane (X-Y) shear strain; row 4: maximum principal strain; row 5: minimum principal strain.](fig-4){#f4}

In all animals, a region of lateral tension (i.e., positive e~XX~) was observed directly below the impact site. Additionally, a region of dorsoventral compression (i.e., negative e~YY~) was also observed directly below the site of impact and affected more lateral tissues in the deeper (i.e., more ventral) region of the cord. There was a characteristic pattern of positive shear strain (e~XY~) on the right side and negative shear strain on the left side of the cord (in transverse slices, looking caudally). Minimum and maximum principal strain (e~min~ and e~max~, respectively) patterns were very similar to the dorsoventral normal and lateral normal strain patterns, respectively. In more severely injured animals, all strain magnitudes were greater and affected more lateral and deeper tissues. Also, at greater craniocaudal distances from the injury epicenter, similar strain patterns were observed, but with decreasing strain magnitudes. Image registration artifacts can be observed at the dorsal periphery of the strain fields as regions of high tension (i.e., positive strain). One set of strain-data (IV 8) exhibited discontinuous dorsoventral normal strain magnitude in the transverse plane close to the injury epicenter, indicating an erroneous image registration result, and was not included in further analysis.

The results from the strain uncertainty analysis indicated that the effect of the inherent displacement field error on the average strain in the left ventral horn is dependent on strain type ([Table 2](#T2){ref-type="table"}).

###### 

[Left Ventral Horn Strain Uncertainty Analysis]{.smallcaps}

             *Distance from epicenter (mm)*                                                                                                       
  ---------- -------------------------------- -------- -------- -------- -------- -------- -------- -------- -------- -------- -------- --------- -------
  e~xx~                                                                                                                                           
   IV 1      0.117                            0.078    0.262    0.305    0.248    0.374    0.364    0.318    0.243    0.151    0.188               
   MC Mean   0.270                            0.268    0.416    0.472    0.444    0.580    0.532    0.474    0.396    0.293    0.392    Average   SD
   *Diff*    −0.153                           −0.189   −0.154   −0.167   −0.196   −0.206   −0.168   −0.156   −0.153   −0.141   −0.205   −0.172    0.023
   MC SD     0.066                            0.082    0.078    0.082    0.088    0.124    0.095    0.080    0.065    0.065    0.096    0.084     0.017
  e~XY~                                                                                                                                           
   IV 1      −0.093                           −0.095   −0.126   −0.134   −0.151   −0.168   −0.149   −0.118   −0.091   −0.106   −0.064              
   MC Mean   −0.073                           −0.089   −0.127   −0.145   −0.159   −0.164   −0.148   −0.121   −0.096   −0.117   −0.046   Average   SD
   *Diff*    −0.020                           −0.006   0.002    0.010    0.007    −0.004   −0.001   0.003    0.005    0.011    −0.017   −0.001    0.010
   MC SD     0.058                            0.078    0.050    0.067    0.083    0.105    0.070    0.054    0.051    0.067    0.073    0.069     0.016
  e~yy~                                                                                                                                           
   IV 1      −0.070                           −0.201   −0.281   −0.314   −0.342   −0.352   −0.279   −0.243   −0.226   −0.202   −0.195              
   MC Mean   0.243                            0.140    0.014    0.003    0.014    0.021    0.057    0.068    0.080    0.116    0.188    Average   SD
   *Diff*    −0.313                           −0.340   −0.295   −0.317   −0.356   −0.374   −0.336   −0.312   −0.306   −0.317   −0.384   −0.332    0.029
   MC SD     0.102                            0.112    0.064    0.079    0.105    0.122    0.092    0.078    0.071    0.095    0.126    0.095     0.021
  e~min~                                                                                                                                          
   IV 1      −0.081                           −0.208   −0.289   −0.321   −0.352   −0.362   −0.288   −0.250   −0.231   −0.209   −0.198              
   MC Mean   −0.102                           −0.202   −0.244   −0.271   −0.309   −0.329   −0.270   −0.225   −0.202   −0.185   −0.163   Average   SD
   *Diff*    0.021                            −0.006   −0.044   −0.051   −0.043   −0.033   −0.018   −0.024   −0.029   −0.024   −0.035   −0.026    0.020
   MC SD     0.049                            0.043    0.035    0.031    0.038    0.061    0.039    0.033    0.035    0.042    0.065    0.043     0.011
  e~max~                                                                                                                                          
   IV 1      0.128                            0.086    0.269    0.312    0.258    0.384    0.373    0.324    0.247    0.159    0.190               
   MC Mean   0.615                            0.610    0.675    0.745    0.767    0.930    0.858    0.768    0.678    0.594    0.743    Average   SD
   *Diff*    −0.487                           −0.523   −0.405   −0.433   −0.509   −0.546   −0.486   −0.444   −0.431   −0.435   −0.553   −0.477    0.051
   MC SD     0.093                            0.111    0.095    0.100    0.114    0.147    0.110    0.097    0.079    0.094    0.102    0.104     0.018

Monte-Carlo simulated IV 1 strain data (MC mean and SD) are compared to the original strain data (IV 1). The difference between the strain data (Diff) is calculated for each strain type at each craniocaudal level, and the average and SD over the craniocaudal region are also reported.

SD, standard deviation.

The transverse-plane shear (e~XY~) and minimum principal (e~min~) strains showed relatively little change attributed to the simulated error. The mean difference between the original strain (IV 1) and the simulated strain (MC Mean), over all craniocaudal locations, was −0.1% and −2.6% for e~XY~ and e~min~, respectively. Further, the difference did not vary greatly over the craniocaudal region for either strain (1.0% and 2.0%, respectively). The variation in the e~XY~ and e~min~ strains yielded by the Monte Carlo simulation at each craniocaudal level had a mean of 6.9% and 4.3%, respectively, and did not vary greatly over the craniocaudal region for either strain (1.1% and 1.6%, respectively). The lateral normal (e~XX~), dorsoventral normal (e~YY~), and maximum principal (e~max~) strains all showed a positive bias attributed to the simulated error. The mean difference between the original strain and the simulated strain, over all craniocaudal locations, was −17.2%, −33.2%, and −47.7% for the e~XX~, e~YY~, and e~max~, respectively. The difference in strain data did not vary greatly over the craniocaudal region for either strain (2.3%, 2.9%, and 5.1%, respectively). The variation in the e~XX~, e~YY~, and e~max~ strains yielded by the Monte Carlo simulation at each craniocaudal level had a mean of 8.4%, 9.5%, and 10.4%, respectively, and did not vary greatly over the craniocaudal region for either strain (1.7%, 2.1%, and 1.8%, respectively).

Data from 4 animals were unable to be used in the correlation analysis between mechanical strain and tissue damage. Three sets of histological data (IV 5, IV 6, and IV 7) exhibited cutting artifacts while sectioning or improper staining of tissue during antibody application, and were removed from further analysis. Further, histology data for the epicenter of IV 12 were not available because of cutting artifacts.

Linear regression analysis of the pooled data indicated dependence of the NeuN-positive density values in the ventral horns on each of the transverse-plane strain types ([Fig. 5](#f5){ref-type="fig"}) at a 95% confidence level. The transverse-plane shear strain (absolute value) exhibited a data range of 0--20%, whereas all other transverse-plane strain types exhibited a range of 0--50% strain (tension in lateral normal strain and compression in dorsoventral normal strain). Analyses of the lateral normal strain (e~XX~), transverse-plane shear strain (e~XY~), dorsoventral normal strain (e~YY~), minimum principal strain (e~min~), and maximum principal strain (e~max~) showed *R*^2^ values of 0.15, 0.12, 0.16, 0.19, and 0.11 (all *p* \< 0.001), respectively. Thus, of the strains analyzed, the greatest amount of variation of the NeuN-positive density was explained by the minimal principal strain.

![Linear regression of NeuN-positive density against transverse-plane strain types for pooled data. Scatter plots with trendlines and calculated *R*^2^ values are shown for each transverse-plane strain: lateral normal strain (e~XX~-blue); transverse-plane shear strain (e~XY~-green); dorsoventral normal strain (e~YY~-red); minimum principal strain (e~min~-black); and maximum principal strain (e~max~-purple). Asterisk (\*) indicates a significant relationship at α = 0.05. NeuN, neuronal nuclei.](fig-5){#f5}

Linear regression analyses for each strain type, for each individual animal, were plotted ([Figs. 6A](#f6){ref-type="fig"} and [6B](#f7){ref-type="fig"}). *R*^2^ values (and associated *p* values) from these analyses of NeuN-positive density against the various strain types are summarized in [Table 3](#T3){ref-type="table"}. The minimum principal strain and NeuN-positive density for both the left and right ventral horns, for each animal, were plotted over the craniocaudal region of interest ([Fig. 7](#f8){ref-type="fig"}). NeuN-positve density noninjury thresholds exhibited similar variation throughout the craniocaudal ROI. In all animals, there appeared to be greater strain in the right ventral horn, compared to the left ventral horn. In both NeuN-positive density and strain data, lower values were generally observed at the epicenter of injury and increased at greater craniocaudal distances. In animals that received a mid-line impact (IV 1, IV 9, and IV 12), increased compressive strains were observed in both ventral horns as well as decreased NeuN-positive density values closer to the epicenter of injury (with the exception of IV 12, which did not have epicenter histological data available). However, in some animals that received a lateral-right impact, similar decreases in NeuN-positive density closer to the epicenter were observed in both left and right ventral horns, whereas larger strains were only observed in the right ventral horn (IV 2--4). Some animals exhibited local minima of NeuN-positive density at the epicenter and also further away, craniocaudally (IV 10--11).

![Linear regression of NeuN-positive density against transverse-plane strain types for individual animal data (IV 1--4). Scatter plots with trendlines and calculated *R*^2^ values are shown for each transverse-plane strain: lateral normal strain (e~XX~-blue); transverse-plane shear strain (e~XY~-green); dorsoventral normal strain (e~YY~-red); minimum principal strain (e~min~-black); and maximum principal strain (e~max~-purple). Asterisk (\*) indicates a significant relationship at α = 0.05. NeuN, neuronal nuclei.](fig-6){#f6}

![Linear regression of NeuN-positive density against transverse-plane strain types for individual animal data (IV 9--12). Scatter plots with trendlines and calculated *R*^2^ values are shown for each transverse-plane strain: lateral normal strain (e~XX~-blue); transverse-plane shear strain (e~XY~-green); dorsoventral normal strain (e~YY~-red); minimum principal strain (e~min~-black); and maximum principal strain (e~max~-purple). Asterisk (\*) indicates a significant relationship at α = 0.05. NeuN, neuronal nuclei.](fig-7){#f7}

![Strain and histology data for each animal. NeuN-positive density data (red, left axis) and interpolated minimum principal strain (e~min~-blue, right axis) are plotted over the craniocaudal region of interest for left (dark) and right (light) ventral horns of gray matter. The noninjury NeuN-positive density threshold (mean with standard deviation error bars, black) from the control animal observations is included in all plots. NeuN, neuronal nuclei.](fig-8){#f8}

###### 

[Linear Regression Relationships between NeuN-Positive Density and Strain Types for Each Animal]{.smallcaps}

          *Strain type*                                                                                                                                                                                   
  ------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- -----------------------------------------------
  IV 1    0.13 (0.094)                                    0.60^[\*](#tf4){ref-type="table-fn"}^ (0.000)   0.26^[\*](#tf4){ref-type="table-fn"}^ (0.015)   0.28^[\*](#tf4){ref-type="table-fn"}^ (0.011)   0.15 (0.071)
  IV 2    0.39^[\*](#tf4){ref-type="table-fn"}^ (0.006)   0.28^[\*](#tf4){ref-type="table-fn"}^ (0.012)   0.28^[\*](#tf4){ref-type="table-fn"}^ (0.012)   0.41^[\*](#tf4){ref-type="table-fn"}^ (0.001)   0.28^[\*](#tf4){ref-type="table-fn"}^ (0.012)
  IV 3    0.09 (0.230)                                    0.06 (0.269)                                    0.07 (0.224)                                    0.05 (0.294)                                    0.09 (0.178)
  IV 4    0.30^[\*](#tf4){ref-type="table-fn"}^ (0.023)   0.05 (0.342)                                    0.46^[\*](#tf4){ref-type="table-fn"}^ (0.001)   0.52^[\*](#tf4){ref-type="table-fn"}^ (0.000)   0.12 (0.109)
  IV 9    0.01 (0.670)                                    0.38^[\*](#tf4){ref-type="table-fn"}^ (0.002)   0.04 (0.400)                                    0.06 (0.261)                                    0.03 (0.458)
  IV 10   0.24^[\*](#tf4){ref-type="table-fn"}^ (0.022)   0.00 (0.928)                                    0.25^[\*](#tf4){ref-type="table-fn"}^ (0.018)   0.25^[\*](#tf4){ref-type="table-fn"}^ (0.018)   0.24^[\*](#tf4){ref-type="table-fn"}^ (0.022)
  IV 11   0.09 (0.179)                                    0.05 (0.332)                                    0.15 (0.074)                                    0.15 (0.076)                                    0.09 (0.186)
  IV 12   0.27^[\*](#tf4){ref-type="table-fn"}^ (0.019)   0.14 (0.111)                                    0.30^[\*](#tf4){ref-type="table-fn"}^ (0.012)   0.29^[\*](#tf4){ref-type="table-fn"}^ (0.015)   0.24^[\*](#tf4){ref-type="table-fn"}^ (0.027)

*R*^2^ values (and *p* values) are presented.

Statistical significance at α = 0.05.

NeuN, neuronal nuclei.

Discussion {#s011}
==========

This study presents the first direct measurement of experimental spinal cord morphology attributed to SCI and its relationship with the ensuing histological damage in an *in vivo* rat model. The observations showed that, in general, a decrease in density of surviving neurons in GM ventral horns post-SCI was significantly, and most strongly, dependent on the applied transverse-plane minimum principal strain (*R*^2^ = 0.19; [Fig. 5](#f5){ref-type="fig"}). Interestingly, there were also significant correlations between all other transverse-plane strain types and the measure of tissue damage in the ventral horns when the animal data were pooled, although none were as strong as was the case for minimum principal strain. Though it is not surprising that spinal cord deformation was linked to ensuing tissue damage in the ventral horns, it was notable that some animals exhibited stronger relationships between tissue damage and strain than others.

Analysis of histological damage and induced strains in individual animals indicated that there was not a consistent relationship between any transverse-plane strain type and loss in GM neuron viability. Two animals showed no significant relationships between any strain types and NeuN-positive density, and 1 animal showed a significant relationship only involving transverse-plane shear strain. Dorsoventral normal strain and transverse-plane minimum principal strain showed significant relationships to NeuN-positive density in the same animals, and more frequently than any other strain-type (5 of 8). This paired result is expected as a region of high-magnitude dorsoventral normal compressive strain would mathematically contribute strongly to indicate a region of high-magnitude minimum principal strain ([Equation 1](#eq1){ref-type="tex-math"}). Of the animals that exhibited a significant relationship between lateral normal strain and tissue damage (4 of 8), most also exhibited a significant relationship involving transverse-plane maximum principal strain (3 of 4). This result is also expected given that a region of high-magnitude lateral normal tensile strain would mathematically contribute strongly to indicate a region of high-magnitude maximum principal strain ([Equation 1](#eq1){ref-type="tex-math"}). The transverse-plane shear strain showed significant relationships with tissue damage in 3 animals, 2 of which showed significant relationships with other strain types as well.

Although the significant relationships between tissue damage and mechanical strain within individual animals ranged between *R*^2^ = 0.24 and 0.60, they did not seem to necessarily occur in animals that received similar injuries with respect to injury magnitude or location of impact. Further, the variability observed in the craniocaudal plots of transverse-plane minimum principal strain and NeuN-positive density often showed tissue damage occurring in a ventral horn without the presence of appreciable strain. The strain-damage relationships results suggest that there are potential sources of variability in possibly both the mechanical strain and histological data sets that have not been addressed in this study.

The NeuN-positive density craniocaudal profiles observed in this study ([Fig. 7](#f7){ref-type="fig"}) generally showed a decrease toward the injury epicenter (indicating greater neuronal damage). Similar craniocaudal profiles of tissue damage have been reported previously, in contusion SCI models.^[@B5]^ In a study in our lab by Sjovold and colleagues, they observed that after an initial thoracic contusion injury magnitude of ∼1 mm in a rat model, followed by either 0%, 40%, or 90% residual compression (held for 60 min), they diminished NeuN expression in the ventrolateral GM over craniocaudal distances of 1.67--1.86, 1.98--2.48, and 3.72--3.99 mm, respectively.^[@B28]^ This aligns well with the NeuN observations in the current study (consisting of injury magnitudes of 0.52--1.41 mm with 100% compression sustained for 35 min), which showed a decrease in GM neuronal survival, according to the noninjury thresholds, over the craniocaudal region of interest (3 mm) in most animals. However, the effect of the different compression times in this study (35 min) and the study by Sjovold and colleagues (60 min) on NeuN expression is not known and should be further investigated. Sjovold and colleagues also reported the relative change in blood flow during their experimental injuries at the T10 level (the injuries were performed at the T9 level). Interestingly, in each of the models with sustained compression, the measured blood flow at the T10 level was increased from both the baseline pre-injury value and the contusion with no residual compression model, suggesting that residual compression elicits an increased blood flow response. However, Sjovold and colleagues noted that injury severity, load relaxation, region of measurement, and measurement technique may contribute to the observed results. Also of importance is that Sjovold and colleagues harvested spinal cord tissue at 3 h post-injury, whereas in this study, the cord was harvested at ∼35 min post-injury. The delayed harvesting would have allowed reperfusion of blood into the spinal cord after compression,^[@B29]^ most likely exacerbating the tissue damage by lipid peroxidation and oxygen free radical formation that is thought to occur not during compression of the spinal cord, but rather upon the reintroduction of oxygen.^[@B30]^ Further, differences in patterns of induced ischemia, attributed to different impact locations and spinal cord compression magnitude in this study, would most likely have an effect on viability of GM neurons.^[@B31]^ The effects of location of impact and spinal cord compression (and any possible interaction effect) on ischemia induced in the spinal cord should be further investigated.

Strain field uncertainty analysis showed that the transverse plane shear (e~XY~) and minimum principal (e~min~) strains were the least susceptible to effects from propagation of displacement field error. The induced variation in the left ventral horn attributed to error propagation for e~XY~ and e~min~ were 0.1% and 2.6%, respectively, compared to the strain magnitude ranges of 6.4--16.8% and 8.1--36.2%, respectively. The other transverse-plane strains showed much more variation attributed to error propagation, making the related observations in this study less dependable for interpreting relationships. Overall, the uncertainty analysis strengthens the suggestion to utilize minimum principal strain as a primary measure of spinal cord deformation in this study, as was similarly suggested by the regression analyses, which showed that the minimum principal strain exhibited the best predictive capability of GM damage.

Because of the anisotropic voxel size (150 × 150 μm in-plane, 500-μm slice thickness), we chose to focus this study only on the transverse plane strains. It is possible that craniocaudally oriented strains contribute significantly to loss of neuron viability in ventral horns of GM. Russell and colleagues used a finite-element model of the rat cervical spinal cord to simulate a contusion injury and found that the maximum principal strains (in 3D) correlated well with damage in the WM and ventral GM of the cord.^[@B8]^ They showed that the maximum principal strain explained 93% of tissue damage observed in ventral GM. We recommend that, in the future, the contribution of all experimental strains (in 3D) should be evaluated and may yield a better correlation with damage in GM ventral horns.

It is interesting that significant relationships between strain type and NeuN density were only observed in some animals and intriguing that the significant relationships did not always involve the same strain types. It is possible that the variation of strain-types that were related to tissue damage was a result of the unique animal-specific injury parameters (i.e., location of injury, injury magnitude, and injury speed) in this study. Most of the animals that showed a significant relationship to strain exhibited larger ranges of strain data (except for IV 12), which is an important factor when testing for significant relationships between variables.^[@B32]^ Further, previous studies have reported strain values of 10--19% as a potential threshold of injury in neural cells.^[@B8],[@B13]^ The variability observed in the 10--19% strain region in the current study could be attributed to variation in NeuN expression at subinjury strain levels. Inclusion of more animals that exhibit a larger range of strains (i.e., a greater spinal cord compression) may provide more meaningful data with respect to linear regression analyses. However, 1 animal (IV 11) did exhibit a relatively wide range of strain data, but did not show any significant relationship between strain types and tissue damage. Although the observed strain patterns are essentially a result of the combination of location of impact and magnitude of spinal cord compression, the effects of strain pattern on biological factors (e.g., pattern of ischemia) that could affect tissue damage were not investigated in this study. Additionally, the lack of consistent significant relationships between mechanical strain and tissue damage throughout all data sets may indicate that refinement of MR data analysis and registration methods is needed. Although the image registration methods used in this study were previously validated,^[@B22]^ further improvement of registration methods should be pursued given that image registration algorithm development is a highly active area of research.

Another possible explanation for the observation that significant relationships between strain type and NeuN density were only found in some animals is that the down-regulation of NeuN varies between animals. The virtual disappearance of NeuN within 35 min was rather surprising, indicating quick down-regulation or fast turnover and very short life span of NeuN (fast degradation process) triggered by injury. NeuN has been identified as the transcription factor, Fox-3,^[@B26]^ and its immunostaining can be also abolished by axotomy in surviving facial motoneurons.^[@B27]^ Thus, its disappearance is it not a marker of death, but rather an indication of damage. It is therefore conceivable that some neurons switch off Fox-3 production slower than others and that the 35-min time window may not have been ideal to discern which neurons are damaged. Future studies using longer survival times may solve this problem. Additionally, it would be prudent to conduct further investigations to determine other histological markers of early neuronal injury, which are yet to be established for a 35-min survival time and without preloading the system with vital dyes as we did in Choo and colleagues.^[@B5]^

Manual identification of ventral horns of GM---in both the MR-based histological data---was subject to observer error and was not quantified in this study. All ROIs were identified based on contrast boundaries between the GM and WM. Additionally, the effect of the ROI boundaries on assessment of ventral horn transverse-plane strains was not investigated. Variation in the prescribed ROI would likely result in a different value of the strain average for the ventral horn, thus affecting any regression analyses. Further, this study did not utilize the MR-based ROIs to determine the ROIs used to identify the ventral horns in the histological data. Although the same qualitative criteria were used to identify the ventral horns in both processes, it is possible that the ROIs did not capture the same precise area of the ventral horns. Last, the mechanical strain magnitudes varied across the ROIs and a single, averaged value may not reflect the peak deformation in ventral horns. Recent advances in deformable image registration may provide a method to utilize a single ROI to identify tissue regions in the two data sets (i.e., MR image and histology data) and also use a smaller ROI to investigate regions with more homogeneous strain magnitudes.

The exact location of the injury epicenter, craniocaudally, was assessed separately in the MR image-based data and histology data. Whereas the MR image-based injury epicenter was reported as the location of most severe cord compression, the histology-based injury epicenter was reported as the tissue section with the lowest NeuN-positive density value. Because of the difference in the MR data slice thickness (0.5 mm) and the histological tissue section thickness (0.02 mm), it is possible that the injury epicenters were not exactly aligned between the two sets of data, which may cause an offset between craniocaudal intervals of strain data and histological data. A higher resolution in the craniocaudal direction for the MR data would facilitate more accurate craniocaudal colocalization of the injury epicenter between image and histology data.

In general, the NeuN-positive density data variability were not well explained by the induced transverse-plane mechanical strains. A maximum of 19% of tissue damage variability was dependent on variation in injury magnitude and location of impact (manifested in transverse-plane minimum principal strain) across all animals. Some animals showed stronger relationships (up to *R*^2^ = 0.60) between strain types and tissue damage, which may suggest that some of the induced injuries were characteristically more appropriate to analyze for strain-damage relationships. Additionally, methods to acquire and sample mechanical strain values in tissues of interest may need to be refined. Overall, this study has shown that identification of relevant injury characteristics and their effects on the manifestation of tissue damage needs to be further investigated to allow the significant advances in treatment and prevention of SCI that strong relationships of this type would enable.

This study is the first to report on experimental transverse-plane mechanical strain attributed to SCI in an *in vivo* rat model and to directly analyze its relationship to the ensuing neuronal damage. This work represents a bridge between traditional experimental approaches and computational modeling by facilitating observation of the complex motion of the spinal cord in an *in vivo* model and providing the histological analysis as a comparative metric. There are methodological limitations in this study, which may affect the applicability of the specific results. However, because this approach is refined, it has the potential to provide accurate 3D spinal cord deformation data that could be used to validate computational model simulations of SCI and establish spinal cord tissue injury criteria. A more thorough understanding of the relationship between mechanical stimulus to the spinal cord during SCI and the ensuing histopathological damage could provide a more informed perspective on how the different possible mechanisms of clinical SCI need to be considered when designing and utilizing pre-clinical injury models. Further, current research efforts in developing SCI treatments could incorporate the complex deformation and damage patterns in the spinal cord to produce interventions that are perhaps more focused and possibly more effective.
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